Introduction
Organic Electronics continues to emerge as a technology for flexible, high-volume and lowcost systems. Over the past decade, the development of organic circuits, particularly for digital systems [1] [2] [3] [4] [5] , has continued to evolve steadily, however a more gradual improvement has been observed for the analog counterpart [6] [7] [8] [9] [10] [11] . The development of the latter has been more challenging, due to the complexity of the fabrication processes [9] , low charge carrier mobility and instability of the organic semiconductors [12] [13] [14] [15] [16] [17] [18] [19] . Nonetheless, efforts have continued to develop simpler analog circuits, with minimal number of organic thin-film transistors (OTFTs), including digital-to-analog converters (DAC) and operational amplifiers (Op-Amp). Such analog circuits are gaining huge interest for implementation in smart sensor systems, for example in point-of-care diagnostics, where there is a growing need for regular monitoring of personal health, so as to identify any health issues at an early stage. The opportunities have also been aided by the flexible nature of the technology on offer [20] [21] [22] [23] [24] , compatibility with biological materials, and possibility of high volume manufacturing at lowcosts. In order to implement organic Op-Amp in sensor systems, the optimum operational conditions required include high gain and/or gain-bandwidth product, so as to generate a sufficient output voltage range. The bandwidth of the Op-Amp, is not considered to be a critical requirement, however adequate values in the range of few hundreds of Hz may be desirable. Moreover, the supply voltage needs to be within a practical range so as to utilise smaller area on the substrate. Equally important, is the design architecture used for the circuit, as this defines the processing steps, which needs to be minimised so as to enhance the overall circuit yield and reduce costs. Table 1 summarises the organic amplifier designs reported so far in the literature [6, 8, [24] [25] [26] [27] [28] , with respective key performance features and design architectures. The highest closed loop gain presented is 42 dB [25] , however with a low operational bandwidth of 75 Hz. This subsequently results in a low gain-bandwidth product of only 3.75 kHz and thus a lower output voltage range. To compensate for this, a larger supply voltage is utilised, which also accommodates for the low charge carrier mobility of the organic semiconductor. In terms of the design architecture, CMOS is traditionally known to have attractive attributes however implementing such architecture in organics [6, 25, 29] is challenging due to its complex processing steps. For example, for CMOS architecture, an additional input gate is required for every inverter in order to control the different threshold voltages. Moreover, different metals are required for the source and drain contacts, of the p-type and n-type OTFTs. Alternatively, the pseudo-PMOS (p-channel transistors only) architecture [9, 26, 27, 28] has been commonly adapted, due to simpler processing steps and higher mobility of the available p-type semiconductors. In this work, we propose appropriate approaches in the design and simulation of the organic analog circuit, for use in quantification of real cholesterol in the range 1 -9 mM. The circuit comprises of an organic Op-Amp, in connection with an inverter chain, so as to boost the gain and/or gain-bandwidth product, and a latch to amplify and enable the output current.
The circuit operates with a relatively low supply voltage of ±15 V, and generates adequate output voltage range, for the proposed application; namely quantisation of cholesterol levels.
The design utilises saturated PMOS architecture, simulated on a Cadence platform, with the aid of appropriate experimental organic OTFT parameters and model, derived and validated elsewhere [30] [31] [32] . From the simulation, key outputs including voltage range, bandwidth and overall gain are determined, with respect to fluctuation in the threshold voltage, which is a common concern in the field. Subsequently, the functionality of the circuit, in connection to cholesterol sensing is demonstrated. The circuit designs offer practical outputs including high gain-bandwidth product, lower supply voltage and appropriate design architecture, to allow its implementation as a key functional block in low-cost smart sensor systems. This paper is organised as follows: Section II provides the methodology, commencing with an overview of the integrated cholesterol sensor system, and subsequently input and output specification of the organic circuit design, and defining the OTFT model and parameters.
Section III presents the simulation results of the Op-Amp, and discusses the effect of adding an inverter chain and a latch. Subsequently, the functionality of the overall circuit in quantification of cholesterol is presented, and finally, section IV draws the conclusion.
Methodology

System overview and organic circuit input/output specifications
To establish the design architecture for the organic circuit, it is essential to initially describe the functionality of the integrated sensor system, for use in semi-quantitative measurement of the cholesterol levels. The system, labelled here as SIMS i.e. Smart Integrated Miniaturised Sensor System, and depicted in Fig. 1a , comprises of mainly printed components such as an electrochemical cell, battery, and electrochromic display, and an organic circuit, as shown by respective real images. The three printed components were successfully integrated on a same substrate, using compatible processes, whilst the organic circuit was to be designed and developed on a separate substrate. Ulitmately, all of the components were to be integrated on a same flexible substrate, using minimal number of steps, so as to maintain low processing costs. The input of the organic circuit is connected to the electrochemical cell, whilst the output to (WE) and Auxiliary (AE) electrodes. For accurate operation of the cell, the voltages at the reference and working terminals need to be fixed at -0.2 V and -0.1 V respectively [33] .
Typically, this results in a potential difference of 0.1 V between the terminals, assuming no current is drawn by the reference electrode. Due to such voltage requirements of the cell, the operating point of the Op-Amp needs to be shifted, from a theoretical zero to -0.2 V.
Furthermore, in order to define the input impedance of the Op-Amp, the resistance of the cell is determined by measuring the variation of the current with changes in cholesterol levels.
The cholesterol sample comprises of phosphate buffered saline (PBS)/triton solution added onto 100 U/mL enzyme cholesterol oxidase (ChOx). This method measures free cholesterol rather the ratio of high to low density lipoprotein cholesterol [34] . The measurements are taken after a settling time of 400 seconds, to allow the current from the cell to stabilise to a steady-state, followed by a reaction time of 180 seconds. Subsequently, such timing defines the bandwidth of the sensor, which is not considered here to be a key design parameter, and thus a bandwidth of > 1Hz is deemed to be sufficient. From the measurements in Fig. 2 , the current is found to range between 220 -500 nA for cholesterol levels of 0 -9 mM, which corresponds to resistance, referred hereafter as R Bio , in the range of 276 k -1.38 M, with the highest resistance corresponding to no cholesterol in the cell. 
OTFT Model and Parameters
Prior to discussions on the simulation results of the respective circuit block designs, it is essential to consider the tools that are to be utilised in the accurate simulation of such designs. Typically, organic circuits are simulated by editing existing silicon model and parameters on a conventional platform, so as to accommodate the properties of the OTFT.
In this paper, we follow this approach and utilise Cadence circuit simulator (V.5.10). The revised model, referred hereafter as the OTFT model, is illustrated in Fig. 3a and expressed by Eq. 2 and Eq. 3, operating under unsaturated and saturated regimes respectively. The models comprise of the drain current attributed with the silicon model, with added current components, through a Verilog file, to take into account the properties of the organic transistor, including the higher power dependency of the gate and drain voltages, as commonly observed in OTFT models [30] , [31] .
where,
And,
Here I DS is the drain current of the OTFT under saturated and unsaturated regime, β is the [30] , so as to generate better fits between the model and data. As it can be noted, the value for c drift is slightly higher compared to that of silicon, corresponding to the power exponent on the voltages of typically 2. The plots in Fig. 4 also show fits of the data using both silicon and TIPS OTFT models, assuming a field-effect mobility for both, of 0.035 cm . This value is lower than those reported in the literature; however it is more practical since the reported values are extracted from individual transistors rather than circuits, where the mobility is expected to decline, due to the additional processing steps. As expected the OTFT model shows better agreement with the experimental data than the silicon model, at both low and high drain voltages. Some deviation in the fits is also observed, particularly at low drain voltages, which is believed to be associated with the high contact resistance on the source. At low drain voltage, the contact resistance is pronounced, and a higher error is observed between the model and data, however as the drain voltage increases with respect to the source, the error reduces due to a decrease in the resistance. As indicated earlier, the model does take into account the contact resistance effects through the silicon model in terms of sheet resistance. The divergence observed could be associated with the lack of contact resistance component, within the added model (in Verilog), which could have potentially under estimated the resistance values and thus drive current of the OTFT. Nonetheless, the divergence are deemed plausible, and justifies the application of the proposed model, in generating accurate simulation of the organic circuit designs, as discussed in the next section.
Circuit design and simulation
Differential Amplifier
Referring to Fig. 1(b) , the simulation commences with the differential amplifier with saturated loads, comprising of a differential stage and a current source, with OTFTs labelled M1 to M5 and M6 to M8 respectively, as in the schematic diagram in Fig. 5a , for a supply voltage of 
And the gain of the differential amplifier is defined by Eq. 5, which suggests that a maximum gain is attained when V indf approaches zero.
Gain _ = ( 
The bias current I DM5 is set at 1.8 µA, which corresponds to a gate to source voltage V GS of - The frequency response of the gain of the differential amplifier is given by Eq. 6 [37] , where C gdM2 , g mM2 , g dsM2 are the gate to drain capacitances, transconductance and output conductance for transistor M2 respectively, C gsMd1 and C gsM4 are the gate to source capacitance of M d1 and M4 respectively, and g mM4 , and g dsM4 refer to the transconductance and output conductance of transistor M4 respectively. The value of R M2M4 is the inverse sum of g dsM2 , g dsM4 and g mM4. The bandwith of the amplifier is dictated by the poles and zeros, which are determined by g mM2 /C gdM2 and -1/R M2M4 (C gdM2 +C gsM1 +C gsM3 ) respectively. is found to be 4 dB, with a corresponding gain-bandwidth product of 16 kHz. In order to boost the gain of the amplifier, an inverter chain is added as discussed in the next section.
Addition of an Inverter Chain
To increase the overall gain of the organic Op-Amp, and counteract the change in the switching voltage of the differential amplifier, an inverter chain is added after the differential amplifier stage. The gain of a saturated load inverter is given by Eq. 7 [37] , where the term i relates to an inverter stage and j to the next inverter in the chain.
Here g m_driver is the transconductance of the driver, C gd is the gate-drain capacitance, C gs is the gate-source capacitance, and R invout = 1/g m_load . Simulation of the Op-Amp with a 7-stage inverter chain of schematic diagram as in Fig. 6a was carried out. Respective aspect ratios for the OTFTs are as shown in the diagram, and were chosen so as to shift the switching point of the amplifier to -0.2 V by increasing the gain, which was required for accurate operation of the electrochemical cell. Table 2 gives the summary of the closed loop gains and loop gains with corresponding bandwidths, with respect to changes in cell resistances. The bandwidth also depends on the number of inverter stages, as observed in 
Use of a Latch
With regard to the output specification discussed earlier, the output resistance of the OpAmp is considered to be insignificant due to the feedback topology, and thus the loading effect of the display on the output is insignificant in this application. As highlighted earlier, a current of  25 µA is required to drive the display bars. To achieve this, an output latch is utilised, of schematic diagram as in Fig. 7a , which comprises of inverter stages with saturated load, and an enabled clock (M7), with respective aspect ratios as highlighted in the diagram. Such values of the aspect ratio were chosen so as to eliminate the threshold voltage dependency and to supply a maximum current of 25 µA as required for accurate operation of the display elements. Moreover, the latch also serves to convert the voltage output from the inverter chain to a current, and thereafter provide amplification to meet the specification. The clock enabled transistor M7, controls when the current is supplied to the display bars. Figure 7b shows the simulated variation of the current and voltage from the latch. When the latch is off, negligible current is supplied to the display bar, however once the latch is on, a relatively constant current of  25 µA flows to the bars, as required for optimum luminesce. Moreover, the voltage across the display bar is initially constant at a specified value of 1.1 V, so as to allow the bars to turn on, and remains above this range with time. Potential across display bar (V)
Functionality of the Organic Op-Amp
The overall functionality of the organic circuit, comprising of the Op-Amp with a 7-stage inverter chain and a latch, for use in quantification of cholesterol levels is simulated, as in 
Conclusion
An organic analog circuit with saturated load PMOS architecture was designed to signify changes in sampled cholesterol levels, from an electrochemical cell, in the range of 0 -9 mM. The circuit comprised of a current source and differential amplifier, in conjugation with a 7-stage inverter chain and a latch. The designs were simulated with the aid of revised conventional model and parameters, so as to reflect the properties of the OTFT. The is becoming ever more attractive, as it allows regular monitoring of personal health, at a lowcosts and user's convenience, with significant potential in enhancing overall health of patients.
